Introduction {#S1}
============

Advances in neurosurgical techniques, combination chemotherapy, cranio-spinal radiation, and supportive care measures have led to dramatic overall improvements in survival from medulloblastoma.^[@R1],[@R2]^ Yet, most survivors suffer long-term toxicities^[@R3]-[@R5]^, and up to one-third may develop recurrent disease.^[@R6],[@R7]^ Improvements in treatment will likely require a better understanding of the molecular pathobiology of this disease. To that end, recent gene expression analyses suggest that medulloblastoma consists of 4 disease variants: *WNT*, *SHH*, Group 3, and Group 4.^[@R8],[@R9]^

Approximately 10% of medulloblastomas demonstrate active *Wingless* (*WNT*) signaling. These tumors exhibit classic histology, cytogenetics with monosomy of chromosome 6, and mutations of *CTNNB1* and *DDX3X* in 50-85% of cases.^[@R10]^ Retrospective studies suggest that the 5-year progression-free (PFS) and overall survival (OS) of patients with *WNT*-activated medulloblastoma is \> 90%.^[@R9],[@R11]^ Future clinical trials will likely reduce treatment intensity to prevent therapy-related toxicities.

Thirty percent of medulloblastomas exhibit active *Sonic Hedgehog* (*SHH*) signaling. These tumors display classic or nodular/desmoplastic histology, 9q deletion in 50% of cases^[@R9],[@R12]^, and positive immunohistochemistry (IHC) for SFRP1^[@R12]^ or GAB1^[@R13]^. Studies suggest that upregulation of *CXCR4* and mutation of the key tumor suppressor, *p53*, represent distinct subgroups within *SHH* medulloblastomas.^[@R14],[@R15]^ The 5-year OS of children \> 3 years-old with *SHH*-activated medulloblastomas is 68%.^[@R9]^ Attempts to salvage those patients with progressive disease with a targeted *SHH* inhibitor have yielded mostly transient responses.^[@R16],[@R17]^ This suggests a need for combinations of *SHH*- and other molecularly-targeted therapies to avoid treatment resistance.

The biology of Group 3 and 4 medulloblastomas is less-well understood. There are currently no viable targeted treatments for these medulloblastoma variants. *MYC* amplification^[@R18]^ and a *MYC* target gene expression signature^[@R19]^ constitute hallmark oncogenic features of Group 3 tumors, which contain a high percentage of large or anaplastic cells, and a dismal 39% 10-year OS.^[@R9]^ Both Group 3 and 4 medulloblastomas have an increased incidence of clinically-relevant, poor prognostic features, including chromosome i17q by cytogenetics and metastasis at diagnosis.^[@R13],[@R20]^

*WIP1*, on chromosome 17q22-q23, inhibits p53 activity and functions as an oncogene when expressed at high levels along with oncogenes, including *Myc*.^[@R21]-[@R23]^ *WIP1* amplification or overexpression has been described in multiple cancers that are *wild-type* for *p53*.^[@R21],[@R23],[@R24]^ We and others have described amplification and overexpression of *WIP1* in 64% of human medulloblastomas.^[@R18],[@R25],[@R26]^ We recently reported increased *WIP1* expression in Group 3 and 4 medulloblastomas.^[@R27]^

We now demonstrate increased *WIP1* expression in metastatic medulloblastomas, and inferior survival in patients with *WIP1* high-expressing medulloblastoma. Gene expression demonstrated up-regulation of *CXCR4* in *WIP1* high-expressing medulloblastomas. CXCR4 activation promoted AKT phosphorylation, increased growth, and invasion of *WIP1*-stable medulloblastoma cells *in vitro* and in mouse models. *WIP1* or *CXCR4* knock-down inhibited AKT activation, growth, and migration of *WIP1* high-expressing medulloblastoma cells. *WIP1* knock-down inhibited cell membrane localization of CXCR4 due to suppression of the G protein receptor kinase 5, *GRK5*. Restoration of wild-type *GRK5* promoted Ser339 phosphorylation of CXCR4 and inhibited the growth of *WIP1* stable cells. Conversely, *GRK5* knock-down in cells with low *WIP1* expression inhibited CXCR4 phosphorylation, increased cell membrane expression of CXCR4, and promoted medulloblastoma growth. This suggests an important cross-talk among WIP1, CXCR4, and GRK5, which promotes tumor growth and invasion, and which may be responsible for the aggressive behavior of *WIP1* high-expressing medulloblastomas.

Results {#S2}
=======

We validated increased *WIP1* expression in a cohort of 64 medulloblastomas with gain of chromosome 17q, and in Group 3 and 4 medulloblastomas ([Fig. 1A-B](#F1){ref-type="fig"}). Patient characteristics are shown in [Table 1](#T1){ref-type="table"}. We noted a significant association between high *WIP1* expression and medulloblastomas classified as Chang stage M2-3, due to dissemination of medulloblastoma cells beyond the primary site ([Fig. 1C](#F1){ref-type="fig"}). One patient did not have information available regarding Chang staging. Further analysis demonstrated inferior PFS and OS of patients with *WIP1* high-expressing medulloblastomas ([Fig. 1D-E](#F1){ref-type="fig"}).

Since high *MYC* expression or amplification has been identified as a defining characteristic of Group 3 medulloblastomas^[@R8],[@R18],[@R19],[@R28]^, we used *MYC* high-expressing D556, D425, and Med8A cells to model aggressive medulloblastoma variants.^[@R18],[@R29]^ We have previously described high *WIP1* expression in Group 3 and 4 human medulloblastomas, and in D425 and Med8A cells.^[@R27]^ In addition, we have shown that stable expression of *WIP1* in D556 cells significantly enhances medulloblastoma growth.^[@R27]^ By Western blotting, we also found increased expression of the Group 3 and 4 markers, NPR3 and KCNA1^[@R30]^, in D556-*WIP1* stable clones ([Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}).

Principal component analysis showed a clear separation in gene expression among D556 cells with stable expression of wild-type *WIP1*, empty vector, or mutant, phosphatase-deficient *WIP1*.^[@R27]^ Pathway analysis revealed up-regulation of genes involved in cell adhesion and migration in D556 *WIP1*-stable cells, including the G protein-coupled receptor *CXCR4*. Conversely, the gene for adenylate cyclase 1, *ADCY1*, was down-regulated in D556-*WIP1* stable cells ([Fig. 2A](#F2){ref-type="fig"} & [S2](#SD1){ref-type="supplementary-material"}). Others have shown that CXCR4 activation inhibits adenylate cyclase, which, in turn, reduces intracellular cAMP to promote growth of brain tumor cells.^[@R31]^ By real-time, RT-PCR, we confirmed increased *CXCR4* in medulloblastoma cells with stable or endogenous high *WIP1* expression ([Fig. 2B](#F2){ref-type="fig"}). Western blotting and immunofluorescence (IF) confirmed increased CXCR4 protein expression in D556 *WIP1*-stable cells ([Fig. 2C-D](#F2){ref-type="fig"}). Thus, high *WIP1* expression correlated with up-regulation of CXCR4 in cell line models of aggressive medulloblastoma variants.

To determine the functional significance of increased CXCR4 expression, we serum-starved and stimulated D556-*WIP1* clones with the CXCR4 ligand, CXCL12 (SDF1α). Only D556-*WIP1* stable cells proliferated in response to SDF1α stimulation ([Fig. 3A](#F3){ref-type="fig"} & [S3A-B](#SD1){ref-type="supplementary-material"}). Since SDF1α stimulation is known to activate downstream PI-3 kinase pathways, we examined phosphorylation of Ser473 on the PI-3 kinase target, AKT. Western blotting demonstrated increased baseline and SDF1α-stimulated phosphorylation of AKT in D556-*WIP1* cells ([Fig. 3B](#F3){ref-type="fig"}). Similarly, SDF1α increased Ser473 phosphorylation of AKT and increased growth of endogenous *WIP1* high-expressing D425 ([Fig. 3C-E](#F3){ref-type="fig"} & [S3C](#SD1){ref-type="supplementary-material"}) and Med8A ([Fig. 3F-H](#F3){ref-type="fig"} & [S3C](#SD1){ref-type="supplementary-material"}) cells.

To examine the dependence of CXCR4 activity on WIP1, we transduced D556 and D425 cells with negative control or *WIP1* shRNA. SDF1α stimulation enhanced the viability of D556-*WIP1*, but not D556-pcDNA or D556-*WIP1* D314 stable cells in serum-free conditions (\*, [Fig. 4A-C](#F4){ref-type="fig"}). *WIP1* knock-down inhibited the growth of D556-*WIP1* stable cells by almost 50% (\*\*, [Fig. 4A-B](#F4){ref-type="fig"}). *WIP1* knock-down also significantly inhibited the proliferative effect of SDF1α stimulation in D556-*WIP1* stable cells (\*\*\*, [Fig. 4A-C](#F4){ref-type="fig"}). We observed similar effects in D425 cells, which have endogenous high *WIP1* expression ([Fig. 4D-E](#F4){ref-type="fig"}).

Ser339-phosphorylation has previously been implicated in activation of CXCR4 and downstream activation of PI-3 kinase signaling.^[@R32]^ *WIP1* knock-down did not change expression of total CXCR4. However, *WIP1* knock-down increased Ser339 CXCR4 phosphorylation in the cytoplasmic fraction of D556 cells with stable expression of wild-type *WIP1* ([Supplementary Fig. S4A](#SD1){ref-type="supplementary-material"}). *WIP1* knock-down also increased Ser339 phosphorylation of CXCR4 ([Supplementary Fig. S4B](#SD1){ref-type="supplementary-material"}) and inhibited Ser473 phosphorylation of AKT in D425 cells ([Fig. 4F](#F4){ref-type="fig"}). In two different D556-*WIP1* stable clones, *WIP1* knock-down inhibited membrane expression of CXCR4 ([Supplementary Fig. S5](#SD1){ref-type="supplementary-material"}). Thus, *WIP1* knock-down altered CXCR4 localization, inhibited downstream phosphorylation of AKT, and prevented the growth-promoting effects of SDF1α in *WIP1* high-expressing medulloblastoma cells.

Since CXCR4 signaling has previously been implicated in invasion and metastasis, we examined invasion and migration of D556 stable clones *in vitro*. Neither D556-pcDNA nor D556-*WIP1* D314A stable clones exhibited significant invasion. In contrast, D556-*WIP1* stable clones demonstrated significant invasion through Boyden chambers that contain SDF1α as a chemo-attractant (\*, [Fig. 5A-B](#F5){ref-type="fig"}). *WIP1* knock-down inhibited the ability of D556-*WIP1* stable clones to invade through chambers exposed to SDF1α. We also monitored cell migration in real time. In the presence of SDF1α, D556-*WIP1* stable cells demonstrated increased migration, as quantified by the rate of change of the cell index (CI)^[@R27]^. The CI slope was significantly higher in migration chambers containing D556-*WIP1* cells and SDF1α ([Fig. 5C-D](#F5){ref-type="fig"}). This suggests that high *WIP1* expression facilitates medulloblastoma migration and invasion.

Since most of the functions of WIP1 that have been described to date have required functional p53, we examined the *p53* dependence of the interaction between WIP1 and CXCR4. As we have previously demonstrated, stimulation with SDF1α increased the number of viable D556-*WIP1*, but not D556-pcDNA, stable cells ([Fig. 3](#F3){ref-type="fig"}). *p53* knockdown did not affect the viability of unstimulated or SDF1α-stimulated D556-pcDNA cells ([Supplementary Fig. S6A](#SD1){ref-type="supplementary-material"}). However, *p53* knockdown resulted in reduced serine 473 (Ser473) phosphorylation of AKT ([Supplementary Fig. S6B](#SD1){ref-type="supplementary-material"}) and inhibited the increase in viability of D556-*WIP1* cells following SDF1α stimulation that was seen in D556-*WIP1* cells transfected with scrambled, negative control siRNA ([Supplementary Fig. S6A](#SD1){ref-type="supplementary-material"}). We also examined *p53* dependence of the interaction between WIP1 and CXCR4 on invasion using the previously characterized *p53* mutant, *WIP1* high-expressing Daoy cell line.^[@R27]^ Unlike D556-*WIP1* stable clones, which demonstrated a significant increase in invasion compared to D556 cells with stable expression of an empty vector ([Fig. 5](#F5){ref-type="fig"}), neither Daoy-pcDNA nor Daoy-*WIP1* stable cells differed in the number of cells that invaded through a Matrigel Invasion Chamber when attracted with the chemokine SDF1α ([Supplementary Fig. S7](#SD1){ref-type="supplementary-material"}).

We further validated this p53 dependence by treating D556-pcDNA and D556-*WIP1* stable cells with the small molecule inhibitors of p53 function, Nutlin-3a and RITA. Nutlin-3a is a *cis*-imidazoline analog that bind with high affinity to the endogenous p53 inhibitor HDM2. It inhibits the interaction between HDM2 and p53, which stabilizes p53 and promotes apoptosis or senescence of cancer cells that contain wild-type *p53*.^[@R33],[@R34]^ The small molecule RITA binds with high affinity to the amino-terminal domain of p53.^[@R35]^ This results in activation of p53, transcriptional repression of anti-apoptotic proteins, such as Bcl-2 and survivin, and downregulation of oncogenic signaling pathways, including MYC and AKT.^[@R36],[@R37]^ Treatment with Nutlin-3a or RITA did not affect the viability of unstimulated or SDF1α-stimulated D556-pcDNA cells ([Supplementary Fig. S6C, E](#SD1){ref-type="supplementary-material"}). However, treatment with Nutlin-3a resulted in reduced serine 473 (Ser473) phosphorylation of AKT ([Supplementary Fig. S6D](#SD1){ref-type="supplementary-material"}). Treatment with either Nutlin-3a or RITA also inhibited the increase in viability of D556-*WIP1* cells following SDF1α stimulation that was seen in vehicle-treated D556-*WIP1* cells ([Supplementary Fig. S6C, E](#SD1){ref-type="supplementary-material"}). Thus, either *p53* knockdown, presence of mutant *p53*, or treatment with the small molecule p53-inhibiting drugs Nutlin-3a or RITA suppressed SDF1α-stimulated growth and migration of *WIP1* high-expressing medulloblastoma cells. This suggests that the interaction between CXCR4 and WIP1 signaling is dependent on the presence of functional p53.

We have previously demonstrated increased tumor cell proliferation and reduced overall survival of mice bearing intra-cerebellar xenografts of D556-*WIP1* stable cells, compared to mice bearing D556-pcDNA stable cells.^[@R27]^ By H&E staining, 7 of 9 D556-*WIP1* xenografts showed evidence of local or distant brain metastasis ([Fig. 6A](#F6){ref-type="fig"}). Neither parental (n = 2), nor D556-pcDNA (n = 9) xenografts, showed evidence of dissemination. By IHC, we identified increased cytoplasmic and membrane expression of CXCR4 and its downstream target, Ser473-phosphorylated AKT, in D556-*WIP1* xenografted primary and metastatic cells ([Fig. 6A-B](#F6){ref-type="fig"}).

To confirm dissemination of xenografts, we examined 10 consecutive sagittal sections, with 10 mm spacing between sections, of each tumor for H&E staining and immunoreactivity against CXCR4 and phospho-AKT (Ser473). Phospho-AKT (Ser473) was expressed diffusely in all tumor cells and was moderate to strong in intensity in all D556-*WIP1* xenografts ([Table 2](#T2){ref-type="table"}). At best, IHC for phospho-AKT (Ser473) was focal and weak (1+, \<10%; [Supplementary Fig. S8](#SD1){ref-type="supplementary-material"}) in D556-pcDNA xenografts. In addition, D556-*WIP1* xenografts had unequivocal evidence of invasion, almost exclusively as infiltration down the perivascular space ([Supplementary Fig. S9](#SD1){ref-type="supplementary-material"}). This is a pattern of tumor dissemination that is frequently observed in invasive human medulloblastomas. One D556-*WIP1* xenograft had clear evidence of leptomeningeal metastasis out to the rostral cortex and olfactory bulb, which then invaded into the cortex along blood vessels. No such distant or local metastases were present in D556-pcDNA xenografted tumors.

We next confirmed this finding using intracerebellar xenografts of endogenous *WIP1* high-expressing D425 cells, infected with control or *WIP1* shRNA. Fluorescence microscopy of fresh sagittal brain sections from symptomatic animals xenografted with D425 cells infected with control lentivirus demonstrated GFP fluorescence both in the cerebellum, at the site of xenografting, and along the leptomeninges ([Fig. 6C](#F6){ref-type="fig"}). A similar pattern of dissemination is often seen by MRI in children with metastatic medulloblastoma. As with D556-*WIP1* stable xenografts, mice xenografted with D425 cells developed primary and metastatic tumors, both of which demonstrated positive cytoplasmic staining for CXCR4 and Ser473-phosphorylated AKT ([Fig. 6E](#F6){ref-type="fig"}). In contrast, mice xenografted with *WIP1* shRNA-infected D425 cells demonstrated significantly improved survival ([Fig. 6D](#F6){ref-type="fig"}). Interestingly, tumors from sh*WIP1*-infected D425 cells exhibited staining for CXCR4 that was predominantly nuclear. And, staining for Ser473-phosphorylated AKT was virtually absent in these tumors ([Fig. 6E](#F6){ref-type="fig"}). These observations support our *in vitro* findings of increased CXCR4 and PI-3 kinase signaling in *WIP1* high-expressing medulloblastomas. In fact, Wu *et al*. recently showed that PI-3 kinase signaling is a crucial driver of leptomeningeal dissemination of *SHH* medulloblastomas.^[@R38]^

To confirm the interaction between WIP1 and CXCR4, we knocked-down *CXCR4*. Infection of medulloblastoma cells with *CXCR4* shRNA resulted in a 70% reduction in *CXCR4* expression ([Fig. 7C](#F7){ref-type="fig"}) and a 40% reduction in viable D556-*WIP1* cells ([Fig. 7A-B](#F7){ref-type="fig"}). In serum-free conditions, *CXCR4* knock-down inhibited the growth of SDF1α-stimulated D556-*WIP1* cells by 60% (\*\*, [Fig. 7D](#F7){ref-type="fig"}). *CXCR4* knock-down did not affect the viability of D556 cells with stable expression of a phosphatase-dead *WIP1*. By Western blotting, *CXCR4* knock-down resulted in an 80% reduction in Ser473 phosphorylation of AKT in D556-*WIP1*, but not in *WIP1* mutant D556-*WIP1* D314A stable cells ([Fig. 7C](#F7){ref-type="fig"}).

We validated the results of *CXCR4* knock-down using the small molecule CXCR4 inhibitor, AMD3100. Alone, AMD3100 did not affect cell viability. However, similar to the effects of *CXCR4* knock-down, AMD3100 prevented the effects of SDF1α stimulation on growth of D556-*WIP1* stable cells. ([Fig. 7E-F](#F7){ref-type="fig"}). Western blotting confirmed inhibition of Ser473 AKT phosphorylation in D556-*WIP1* cells treated with AM3100 and stimulated with SDF1α ([Fig. 7G](#F7){ref-type="fig"}).

Since *WIP1* knock-down failed to alter total CXCR4 expression, but did affect CXCR4 localization *in vitro* as well as in intra-cerebellar xenografts, we examined the role of G-protein receptor kinases in trafficking of CXCR4. Others have shown that the G-protein receptor kinase 5, GRK5, promotes CXCR4 phosphorylation and internalization.^[@R39]^ Our analysis suggests a high degree of co-regulated expression of *WIP1* and *GRK5* in our cohort of human medulloblastomas (R = 0.44, *p* \< 0.005). Our microarray data demonstrated significant down-regulation of *GRK5* in D556-*WIP1* stable clones. By real-time, RT-PCR and Western blotting, we validated significantly lower levels of *GRK5* mRNA and protein in D556-*WIP1*stable clones ([Fig. 8A-B](#F8){ref-type="fig"}). Reduced GRK5 levels corresponded with reduced Ser339-phosphorylated CXCR4 in D556-*WIP1* stable clones ([Fig. 8B](#F8){ref-type="fig"}). To study the functional implications of altered GRK5 expression, we transfected expression plasmids containing an empty vector, wild-type, or kinase-dead *GRK5* (*GRK5* K215R) into D556-*WIP1* or D556-*WIP1* D314A stable cells. Neither wild-type nor kinase-dead *GRK5* had a significant effect on the growth of D556 cells that stably express phosphatase-dead *WIP1*. However, transfection with wild-type *GRK5* reduced the number of viable D556-*WIP1* stable cells by 50% ([Fig. 8C-D](#F8){ref-type="fig"}). Transfection of kinase-dead *GRK5* also inhibited the growth of D556-*WIP1* stable cells, but to a lesser degree. Western blotting revealed an increase in Ser339 CXCR4 phosphorylation, in *GRK5*-transfected D556-*WIP1* cells ([Fig. 8E](#F8){ref-type="fig"}). There was no difference in Ser339-phosphorylated CXCR4 in D556-*WIP1* D314A stable cells following transfection with empty vector, wild-type, or kinase-dead *GRK5*. Moreover, *GRK5* transfection rescued D556-*WIP1* cells from the effects of *GRK5* knock down. *GRK5* knock down reduced Ser339 phosphorylation of CXCR4 in D556-*WIP1* stable cells transfected wild-type *GRK5*, and increased the number of viable D556-*WIP1* stable cells to near baseline levels ([Supplementary Fig. S10](#SD1){ref-type="supplementary-material"}). Thus, GRK5 may suppress the growth of *WIP1* high-expressing medulloblastoma cells by promoting Ser339 phosphorylation of CXCR4.

We also examined the role of CXCR4 phosphorylation at serine 339 in D425 medulloblastoma cells, which have high endogenous *WIP1* expression. The HA-tagged *CXCR4*-S339A lentivirus expresses a mutant CXCR4 in which serine has been mutated to alanine at amino acid 339. This results in a form of CXCR4 that is resistant to phosphorylation at serine 339. Infection of D425 cells with HA-tagged *CXCR4*-S339A lentivirus inhibited cell viability and responsiveness to SDF1α stimulation. Co-infection of D425 cells with *WIP1* shRNA and HA-tagged *CXCR4*-S339A further suppressed cell viability and also inhibited responsiveness to SDF1α stimulation ([Supplementary Fig. S11](#SD1){ref-type="supplementary-material"}). This suggests that phosphorylation of serine 339 on CXCR4 is important for cell viability. We have shown that activation of CXCR4 induces signaling AKT, which promotes cell growth. What is not clear from this experiment is the localization of mutant CXCR4-S339A protein. It is possible that the mutant protein is not being expressed at the plasma membrane, which would explain the reduced cell viability and lack of response to SDF1α stimulation.

To determine if *GRK5* knock-down could recapitulate the proliferative effects of increased *WIP1* expression, we infected D556-pcDNA and D556-*WIP1* stable cells with empty vector, negative control or *GRK5* shRNA-encoding lentivirus. *GRK5* knock-down resulted in a 50% reduction in expression of *GRK5* mRNA or protein ([Fig. 8G](#F8){ref-type="fig"} & [S12](#SD1){ref-type="supplementary-material"}), and a corresponding increase in the viability of empty vector-containing D556 cells ([Fig. 8F](#F8){ref-type="fig"}). *GRK5* knock-down did not significantly affect the viability of D556-*WIP1* stable cells. Western blotting revealed reduced Ser339 phosphorylation of CXCR4 in sh*GRK5*-infected D556-pcDNA cells ([Fig. 8G](#F8){ref-type="fig"}). Immunofluorescence validated increased CXCR4 expression and membrane localization following *GRK5* knock-down in D556-pcDNA stable cells ([Supplementary Fig. S13](#SD1){ref-type="supplementary-material"}). This suggests that GRK5 promotes internalization of CXCR4. Conversely, *WIP1* suppresses *GRK5* expression, which in turn permits membrane localization of CXCR4 and medulloblastoma growth, and invasion in response to SDF1α stimulation ([Fig. 8H](#F8){ref-type="fig"}). Thus, strategies that inhibit CXCR4 or promote GRK5 expression may be useful, especially in the treatment of *WIP1* high-expressing medulloblastomas.

Discussion {#S3}
==========

A number of retrospective studies suggest a prognostic relevance for genes on chromosome 17q in medulloblastoma.^[@R40]-[@R43]^ Group 3 and 4 medulloblastomas exhibit an increased frequency of chromosome 17 alterations and increased expression of *WIP1*.^[@R9],[@R12],[@R20]^ In a multivariate analysis, either loss of chromosome 17p or gain of 17q was prognostic of poor OS.^[@R9]^ One publication suggests a role for the chromosome 17q gene *LIM and SH3 protein 1* (*LASP1*) in medulloblastoma metastasis.^[@R44]^ We have now identified an association between high *WIP1* expression and inferior PFS and OS in medulloblastoma. We have also identified significantly higher *WIP1* expression in metastatic Chang-stage M2-3 medulloblastomas.

Metastatic disease at diagnosis has long been considered a poor prognostic factor in medulloblastoma. Recent studies report an overall frequency of medulloblastoma metastasis (M+) of 24%. M+ disease is least common in *WNT*-activated (0-18%) and most common in Group 3 (30-75%) and 4 (30-31%) tumors.^[@R9],[@R12],[@R20]^ Kaplan-Meier analysis demonstrates significantly worse OS in children \> 3 years of age and in group 4 tumors with M+ disease.^[@R9]^ Sadly, the mechanisms that drive medulloblastoma invasion and metastasis remain poorly understood.

*WIP1*, located on chromosome 17q22-23, is a PP2C-like serine/threonine protein phosphatase that is a direct target of the tumor suppressor, p53.^[@R45]^ It, in turn, regulates the cell cycle through p53-dependent mechanisms. WIP1 directly dephosphorylates and inactivates p53 at Ser15. It also inactivates important regulators of p53 function, dephosphorylating p38MAPK at Thr180^[@R46]^ and MDM2 at Ser395.^[@R47]^ Upstream of p53, WIP1 inactivates an early step in DNA-damage response by dephosphorylating the ataxia-telangiectasia mutated (ATM) kinase on Ser1981.^[@R48]^ WIP1 also binds and dephosphorylates the serine/threonine kinase, Chk1, at Ser345.^[@R49]^ And, it inactivates Chk2 at Thr68.^[@R50],[@R51]^ p53-independent WIP1 regulatory roles are not as well characterized, but WIP1 is thought to play an important role, independent of p53, in the maintenance of mouse intestinal stem cells^[@R52]^ and, with hedgehog signaling, in the growth of human cancer cell lines.^[@R53]^

*Wip1* is best understood for its important role in DNA damage response and tumorigenesis. While evidence from mouse models suggests that *Wip1* overexpression alone is insufficient for cancer formation, *Wip1* can cooperate with other "classic" oncogenes to transform mouse embryo fibroblasts.^[@R54]^ *WIP1* amplification or overexpression has been described in multiple cancers that are *wild-type* for *p53*.^[@R21],[@R23],[@R24]^ Recent publications have reported activating mutations in the C-terminus of *WIP1* in some cancers.^[@R55]-[@R57]^ However, to date, there have been no reports implicating WIP1 in cancer invasion or metastasis.

G protein-coupled receptors have been implicated both in brain development and cancer metastasis.^[@R58]^ CXCR4 and its ligand, SDF1α, are required for appropriate cerebellar development.^[@R59]^ CXCR4 is also the most common chemokine receptor expressed on cancer cells, and promotes cancer growth and metastasis.^[@R60]^ Other groups have shown that increased CXCR4 expression in primary CNS malignancies, including medulloblastoma, is associated with inferior survival.^[@R15],[@R31],[@R61],[@R62]^ Sengupta *et al*. reported high CXCR4 expression in infant and adult medulloblastomas with classic or desmoplastic histology. SHH activation promoted cell surface accumulation of CXCR4, increased downstream signaling, and cell growth in culture.^[@R15]^

Using human cell line models of aggressive medulloblastoma variants, with increased expression of *MYC* and either stable or endogenous high *WIP1* expression, we identified increased expression of CXCR4 and activation of downstream targets of PI-3 kinase signaling in response to SDF1α stimulation. We observed increased growth and invasion of *WIP1*-stable medulloblastoma cells *in vitro* and in orthotopic, xenografted mouse models. *WIP1* high-expressing xenografts demonstrated invasion as well as local and distant metastases, which stained strongly for CXCR4 and Ser473-phosphorylated AKT. Conversely, *WIP1* or *CXCR4* knock-down inhibited the effects of SDF1α on PI-3 kinase signaling, growth, and migration. SCID mice xenografted with sh*WIP1*-infected D425 cells demonstrated increased survival. This suggests an important interaction between WIP1 and CXCR4 which promotes growth and dissemination of aggressive medulloblastoma variants.

G protein-coupled receptors (GPCRs) are regulated by desensitization, internalization, and degradation. This process is initiated by G protein-coupled receptor kinases (GRKs), which phosphorylate serine or threonine residues in the cytoplasmic tail following GPCR activation.^[@R63]^ Woerner *et al.* showed that SDF1α stimulation promotes Ser339 phosphorylation of CXCR4 in human astrocytomas.^[@R32]^ Others have shown that mutation of Ser338 and Ser339 results in reduced SDF1α-stimulated phosphorylation of these sites.^[@R64]^ GRK5 phosphorylation of Hsp70 interacting protein promotes internalization of CXCR4.^[@R39]^ We found that D556-*WIP1* cells had reduced levels of *GRK5*. Transfection of *GRK5* into D556-*WIP1* cells increased Ser339 phosphorylation of CXCR4 and reduced proliferation. Conversely, knock-down of GRK5 resulted in reduced Ser339 phosphorylation of CXCR4 and increased proliferation of D556 containing an empty vector. Thus, modulation of *GRK5* expression is an important mechanism through which *WIP1* alters phosphorylation and function of CXCR4 to promote medulloblastoma growth and dissemination.

Using mouse models, Wu *et al*. recently demonstrated mechanisms of metastasis by inserting the Sleeping Beauty (SB) transposon into *Patched* +/- mice. Dysregulation of *Shh* signaling in granule neuron precursor (GNP) cells leads to medulloblastoma that is localized to the cerebellum in 15-39% of *Patched* +/- mice.^[@R38],[@R65],[@R66]^ Expression of SB transposase from the *Math1* promoter resulted in 97% of *Patched* +/- mice with metastatic medulloblastoma by 10 weeks of age. Interestingly, PI-3 kinase signaling was a significant driver of leptomeningeal dissemination in *Shh*-activated, *Patched* +/-/*Math1-SB11*/T2Onc mouse medulloblastomas.^[@R38]^

Mumert *et al*. used the RCAS/*tv-a* system in cerebellar neural progenitor cells to validate candidate genes (*Eras*, *Lhx1*, *Ccrk*, and *Akt*) identified by Wu *et al*. The incidence of spinal metastases was most significant in mice with co-expression of *Shh* and either *Ccrk* or *Akt*.^[@R67]^ It is possible that *Eras*, *Lhx1*, *Ccrk*, and *Akt* are of greatest significance in *SHH*-activated human medulloblastomas while genes on chromosome 17q, such as *WIP1*, have a more significant role in dissemination of non-*SHH*-activated medulloblastomas.

Materials and Methods {#S4}
=====================

Materials {#S5}
---------

SDF1α (CXCL12) (PeproTech, Rocky Hill, NJ) was prepared in H~2~O and used at 0.1-1 μg/mL. AMD3100 (Sigma-Aldrich, St. Louis, MO) was prepared in H~2~O and diluted in media to 20 μM. Nutlin 3A/B (Cayman Chemical Company, Ann Arbor, MI) was prepared in EtOH at a stock concentration of 3200μM and used at a concentration of 8μM (4μM effective). RITA (Selleck Chemicals, Houston, TX) was prepared in DMSO at a stock concentration of 50μM and was diluted in media to 25nM for experiments.

Cell Culture {#S6}
------------

D556, Med8A, and D425 cell lines, and D556 stable clones were derived and maintained as previously described.^[@R27]^

Proliferation Assays {#S7}
--------------------

2 × 10^4^ cells were plated in 96-well plates, serum-starved, and cultured in phenol red-free MEM media (Mediatech, Inc., Manassas, VA). For knockdown, cells were infected with control or sh*WIP1* lentivirus during starvation, and treated with vehicle or 1μg/mL SDF1α. 48 hours post-treatment, WST-1 (Roche Applied Science, Indianapolis, IN) was added at a 1:100 dilution, or an equal volume of Cell Titer-Glo (Promega, Madison, WI). For WST-1 assays, plates were analyzed using a Synergy MX plate reader (wavelength-450nm/reference-620nm; BioTek, Winooski, VT). For Cell Titer-Glo assays, luminescence was measured using a 1 second integration time. Alternatively, the number of viable cells in an experiment was counted by trypan blue exclusion, using standard methods.

Gene Expression Microarray Analysis {#S8}
-----------------------------------

Patients were partitioned using median *WIP1* expression as a cutoff. Survival was measured from diagnosis until death or last follow-up. Patient survival was analyzed according to the Kaplan-Meier method, using log-rank statistics. Copy number status of chromosome 17q was determined using array-based comparative genomic hybridization (CGH), as previously published. Gene expression profiling data were performed and analyzed as previously described.^[@R28],[@R68]^ Using R2 software (<http://r2.amc.nl>), we compared *WIP1* expression patterns according to 17q status, subgroup, and M-stage, as previously described.^[@R28],[@R68]^ Subgroup affiliation was determined using unsupervised clustering approaches.^[@R28],[@R68]^

Quantitative Real-Time, RT-PCR {#S9}
------------------------------

Total cellular RNA was extracted, as previously described.^[@R27]^ Quantitative real-time, RT-PCR reactions containing cDNA, Syber Green PCR Master Mix (Life Technologies, Grand Island, NY) and primers for human *WIP1*, *CXCR4*, *GRK5*, and/or *Glyceraldehyde-3 Phosphate Dehydrogenase* (*GAPDH*) were run on an ABI 7500 Real-Time PCR Cycler (Life Technologies), using absolute quantification with a standard curve. Primer sequences are available upon request. Amplification products were verified by analysis of melting curves. Serial cDNA dilutions were used to determine standard curves for each primer. Analysis of housekeeping gene expression was included with each run. Absolute gene expression was determined based on standard curves. Target gene expression was normalized to *GAPDH* expression.

Western Blotting {#S10}
----------------

Protein was extracted, quantified, and probed with antibody, as previously described.^[@R69]^ Whole cell lysates were extracted using RIPA buffer (Cell Signaling). Nuclear and cytoplasmic lysates were extracted using the NE-PER Nuclear and Cytoplasmic Extraction Kit, according to the manufacturer (Thermo Scientific). Antibodies included AKT (Cell Signaling, Danvers, MA), phospho-AKT (S473) (Cell Signaling), CXCR4 (Abcam, Cambridge, MA), phospho-CXCR4 (S339) (Abcam), eEF2 (Cell Signaling), GRK4-6 (EMD Millipore, Billerica, MA), GRK5 (C-20) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), KCNA1 (Abcam), Lamin B1 (Cell Signaling), NPR3 (Abcam), WIP1 (Bethyl, Montgomery, TX), and β-actin (Sigma-Aldrich, St. Louis, MO). Secondary antibodies Alexa Fluor 680 goat anti-mouse IgG (Life Technologies) or IRDye 800 goat anti-rabbit IgG (Rockland, Gilbertsville, PA) were used at a dilution of 1:5,000. Immunoblots were imaged and quantified, as previously described.^[@R27]^

Immunofluorescence {#S11}
------------------

Cells were plated at 3.5 × 10^4^ on Nunc Lab Tek Chamber Slides (Nalge Nunc, Rochester, NY), fixed with 4% paraformaldehyde, incubated with 50 mM NH~4~Cl, and permeabilized with 0.3% Triton-X. To quench endogenous peroxidases, cells were incubated in 0.3% H~2~O~2~ in MeOH. Cells were subsequently incubated with 10% normal goat serum (Invitrogen) containing 0.3% Triton-X, blocked with 5% BSA, and incubated overnight at 4°C with primary antibody. Cells were then washed with TNT (1 mM Tris/HCl, 5 mM NaCl, 1%Tween-20) and incubated with goat, anti-rabbit Alexa Fluor 555 (Invitrogen) secondary antibody. Slides were mounted using Hard Set Mounting Media with DAPI (Vectashield, Vector Laboratories, Burlingame, CA). Images were acquired with an EVOS-fl fluorescent microscope (Advanced Microscopy Group, Bothell, WA).

SDF1α Stimulation {#S12}
-----------------

Cells were plated at 1 × 10^5^ - 1×10^6^ in 6 well plates and either stimulated with 100 ng/mL SDF1α (PeproTech) for 0, 2, 10 and 30 minutes, or with 1 μg/mL SDF1α for 48 hours in serum-free media.

Invasion Chamber Assays {#S13}
-----------------------

Media containing 1 μg/mL SDF1α or vehicle was added to each well in a Matrigel Invasion Chamber (BD Biosciences, San Jose, CA), followed by placement of inserts. 2.5 × 10^4^ cells were added to each insert and infected with lentivirus in the presence of 8 μg/μl polybrene. Inserts were fixed in 100% methanol and stained with crystal violet.

Invasion Assays using xCelligence {#S14}
---------------------------------

Media containing vehicle or 1 μg/mL SDF1α was placed in the lower chambers of a CIM plate-16 (Roche Applied Science, Indianapolis, IN). 2 ×10^4^ cells were seeded in the upper chamber of a CIM plate and monitored for real-time changes in cell index (CI). Error bars represent standard deviation. Slope of the CI was computed using RTCA Software.

Short Hairpin RNA Lentivirus Production and Infection {#S15}
-----------------------------------------------------

EGFP-tagged negative control and sh*WIP1* lentiviral expression constructs were gifts from Dr. Lawrence Donehower (Baylor College of Medicine).^[@R27]^ psPAX2 and pVSVG plasmids were gifts from Dr. H. Trent Spencer (Emory University). The pLKO.1 empty vector control plasmid was a gift from Dr. Rita Nahta (Emory University). sh*CXCR4* and sh*GRK5* lentiviral expression constructs were purchased (Thermo Scientific). Production and infection with lentiviral particles were as previously described.^[@R27]^

CXCR4 Inhibition Assays {#S16}
-----------------------

1× 10^5^ cells were plated in 6 well plates, serum starved for 24 hours, and treated with vehicle, 100 ng/mL SDF1α, and/or 20 μM AMD3100. 48 hours post-treatment, cells were counted by trypan blue exclusion.

*GRK5* Transfection {#S17}
-------------------

5 × 10^5^ cells were plated in 6 well plates and, 24 hours later, were transfected with 1μg of pcDNA3, *GRK5*, or K215R *GRK5* plasmids (gifts from Dr. Jeffrey Benovic, Jefferson University) using Lipofectamine 2000 (Invitrogen), according to the manufacturer.

Mouse Handling {#S18}
--------------

All mice were housed in an American Association of Laboratory Animal Care--accredited facility and were maintained in accordance with NIH guidelines. All animal care and experiments were approved by the Institutional Animal Care and Use Committee of Emory University (Protocol \# DAR-2002073).

Xenografting of Medulloblastoma Cells {#S19}
-------------------------------------

SCID mice were anesthetized and prepared, as described.^[@R27]^ Mice were followed for symptoms and tissues processed, as described.^[@R27]^

Tissue Handling and Immunohistochemistry {#S20}
----------------------------------------

The brains of mice were excised in total, examined under a fluorescence stereomicroscope for evidence of GFP expression, sectioned sagittally down the midline, photographed for expression of GFP, and fixed in formalin. Tissue blocks were paraffin-embedded and cut into 5 mm sections. Antigen retrieval was performed by heating slides in sodium citrate for 20 minutes. After blocking endogenous peroxidases, slides were incubated with primary antibody. Secondary antibodies were applied according to the manufacturer (Vector Laboratories). Slides were stained with hematoxylin and mounted using VectaMount permanent mounting media (Vector Laboratories).

Statistical Analysis {#S21}
--------------------

Unless stated otherwise, all bar graphs display mean values of triplicate measurements. Error bars denote standard deviation (SD) among replicates. And, experiments were repeated at least three times with reproducible results. Results were analyzed using a two-tailed Student\'s t-test or one-way ANOVA in Microsoft Excel or Graphpad Prism 4 software to assess statistical significance. Values of *p* \< 0.05 were considered statistically significant.
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![High *WIP1* expression in medulloblastoma is associated with adverse prognostic factors and inferior survival\
(**A**) *WIP1* expression, based on gene expression profiling, in 64 pediatric medulloblastomas, with or without gain of chromosome 17q. Copy number status of chromosome 17q was determined using an Agilent-014850 Whole Human Genome Microarray 4×44K G4112F and array-based comparative genomic hybridization (CGH). (**B**) *WIP1* expression among medulloblastoma subgroups. Subgroup affiliation was determined using unsupervised clustering approaches. (**C**) *WIP1* expression, segregated by Chang M stage. R2 software was used to compare *WIP1* expression according to 17q status, subgroup, and M stage. (**D, E**) Kaplan-Meier analysis of patient survival was based on median *WIP1* expression. Survival was measured from diagnosis until death or last follow-up. Patient survival was analyzed according to the Kaplan-Meier method, using log-rank statistics. The median value, in panels A-C, is denoted by the middle line in each rectangle. Whiskers represent the bottom 10th and top 90th percentiles. The Y-axis denotes relative expression (log2-ratio tumor vs. cerebellum controls). NS, not significant.](nihms566394f1){#F1}

![Association of *WIP1* and *CXCR4* expression in medulloblastoma cells\
(**A**) Heat map of gene expression in D556 cells with stable expression of empty vector (pcDNA3), *WIP1* (D556-*WIP1*), or mutant, phosphatase-dead *WIP1* (*WIP1* D314A). Three clones from D556 stable cell lines were run in triplicate on an Affymetrix HG-U133 Plus 2.0 Array. Data were normalized using the Robust MultiChip Average algorithm. Differential gene analysis was performed using an ANOVA model, with an absolute fold change threshold of 6 and a p-value with an FDR threshold of 0.001. Up-regulated genes are shown in red (red arrow, *CXCR4*); down-regulated genes in blue. (**B**) *CXCR4* mRNA expression by real-time, RT-PCR. Absolute gene expression was determined based on standard curves. Target gene expression was normalized to *GAPDH* expression. (**C, D**) Western blotting confirmed increased expression of CXCR4 protein in *WIP1* high-expressing medulloblastoma cell lines. CXCR4 protein expression was quantified from near-infrared fluorescence and normalized to expression of β-actin, the loading control. The relative amount of CXCR4 (noted below each western blot for CXCR4) is expressed as a ratio of normalized CXCR4 expression in a particular lane, to normalized expression of CXCR4 in (**C**) D556 parental or (**D**) D556-pcDNA stable cells. Error bars, standard error of the mean. Experiments were repeated at least three times.](nihms566394f2){#F2}

![Stimulation with SDF1*α* activates PI-3 kinase signaling and promotes growth of *WIP1* high-expressing medulloblastoma cells\
(**A**) Number of viable D556 stably-transfected cells by trypan blue exclusion (i.e. viability; Y-axis), 48 hours following serum starvation and stimulation with vehicle (-) or CXCL12 (+; SDF1α, 1 μg/mL). \*, *p* \< 0.0002. (**B**) Western blotting of whole cell lysates from (A) for Ser473-phosphorylated and total AKT. (**C, F**) Photomicrographs and (**D, G**) number of viable D425 and Med8A cells by trypan blue exclusion, respectively, 48 hours following serum starvation and SDF1α stimulation, as above. Scale bars, 400 μm. \*, *p* \< 0.0002. (**E, H**) Western blotting of whole cell lysates from (**D, G**) for serine 473-phosphorylated and total AKT. Error bars, standard deviation. Experiments were repeated at least three times.](nihms566394f3){#F3}

![*WIP1* knock-down suppresses SDF1α-stimulated growth of *WIP1* high-expressing medulloblastoma cells\
(**A**) Representative photomicrographs of enhanced green fluorescent protein (EGFP) fluorescence, (**B**) number of viable cells by trypan blue exclusion (Y-axis), and (**C**) proliferation, as measured by absorbance following incubation with WST-1 reagent, of D556 stably-transfected cells in serum-free media 48 hours following infection with EGFP-tagged negative control (EGFP-shNC; NC) or *WIP1* shRNA-encoding (EGFP-sh*WIP1*) lentivirus, and stimulation with vehicle (-) or CXCL12 (+; SDF1α, 1 μg/mL) for 48 hours. Scale bars, 500 μm. \*, *p* \< 0.003; \*\*, *p* \< 0. 00001; \*\*\*, *p* \< 0.00003. (**D**) Number of viable D425 cells by trypan blue exclusion and (**E**) proliferation, as measured by assayed by luminescence following incubation with CellTiter-Glo® reagent, following infection with EGFP-shNC or -sh*WIP1* lentivirus, and stimulation with vehicle or SDF1α for 48 hours. \*, *p* \< 0.0003; \*\*, *p* \< 0. 007; \*\*\*, *p* \< 0.00004. (**F**) Western blotting of whole cell lysates from (**D**). Serine 473-phosphorylated AKT (pAKT) protein expression was quantified from near-infrared fluorescence and normalized to expression of β-actin, the loading control. The relative pAKT expression is shown as a ratio of normalized pAKT expression in SDF1α--stimulated to unstimulated D425 cells. Experiments were repeated at least twice.](nihms566394f4){#F4}

![SDF1α stimulation promotes invasion and migration of D556-*WIP1* stable clones\
(**A**) Representative photomicrographs of D556-pcDNA and D556-*WIP1* stable clones that have migrated through a Boyden Chamber 48 hours following infection with *WIP1* shRNA or empty-vector-containing lentiviral particles, and stimulation with vehicle or CXCL12 (SDF1α, 1 μg/mL). Scale bars, 50 μm. (**B**) Quantification of migrated D556 stable clones, as described in (**A**). Bar graphs represent the average number of migrated cells per high-power field (HPF) in triplicate measurements of 10 representative HPFs per treatment. Error bars, standard deviation. \*, *p* \< 5 × 10^-22^. (**C**) Invasion of D556-*WIP1* or D556-*WIP1* D314A cells through pores of a CIM plate, as measured by Cell Index (CI, arbitrary units), in response to stimulation with vehicle or SDF1α (1 μg/mL). Error bars denote SD among replicates. (**D**) Bar graphs represent the average change in CI per hour for invading D556-*WIP1* or D556-*WIP1* D314A cells stimulated with vehicle or SDF1α. Error bars denote SD among replicates of at least 3 per treatment and experiment. \*, *p* \< 0.005. Experiments in Panels **A-B** were repeated three times; those in Panels **C-D** were repeated twice.](nihms566394f5){#F5}

![Primary and metastatic tumors from *WIP1*-expressing medulloblastoma xenografts express CXCR4\
D556-*WIP1* (5 × 10^5^) or D425 (1 × 10^6^) cells were infected with lentiviral particles (multiplicity of infection, MOI = 2) containing control or *WIP1* shRNA. Twenty-four hours later, cells were harvested and injected into the cerebellum of SCID/Beige mice, 1mm posterior to the junction of the parietal and interparietal sutures, 1 mm lateral to midline, and at a 30° angle to the surface of the cerebellum, at a depth of 1 mm. Mice were sacrificed upon development of symptoms of medulloblastoma. Mouse brains were sectioned sagittally, fixed in 4% formalin, and paraffin embedded for pathological examination. (**A**) Representative hematoxylin and eosin (H&E)-stained primary and (**B**) metastatic tumors from intracerebellar xenografts of D556-*WIP1* cells. IHC for CXCR4 and Ser473-phosphorylated AKT (pAKT) in primary and metastatic D556-*WIP1* tumors (n = 4). (**C**) Representative GFP fluorescence, prior to fixation, and (**D**) Kaplan-Meier survival of EGFP-shNC or EGFP-sh*WIP1*-infected D425 intracerebellar xenografted mice. (**E**) H&E and IHC of sagittally-sectioned mouse brains following orthotopic xenografting of EGFP-tagged lentivirus-infected D425 medulloblastoma cells. IHC for CXCR4 and pAKT in primary and metastatic D425 tumors (n = 4). BS, brain-stem; CBL, cerebellum; CBM, cerebrum; FB, forebrain; P, primary tumor; M, metastasis. Magnification 4×; Scale bars, 200 μm. Magnification 10×; Scale bars, 100 μm. Magnification 40×; Scale bars, 20 μm.](nihms566394f6){#F6}

![CXCR4 inhibition suppresses the growth of *WIP1* high-expressing medulloblastoma cells\
(**A**) Representative photomicrographs and (**B**) number of viable D556-*WIP1* and D556-*WIP1* D314A cells (Y-axis) in serum-containing media, by trypan blue exclusion, 72 hours following lentiviral-mediated *CXCR4* knock-down. \*, *p* \< 0.0005. (**C**) Western blotting of whole cell lysates from **(B**) for CXCR4, Ser473 phosphorylated-, and total AKT, 72 hours following lentiviral-mediated *CXCR4* knock-down. CXCR4 and Ser473-phosphorylated AKT (pAKT) protein expression was quantified from near-infrared fluorescence and normalized to expression of β-actin. The relative amount of protein in either cell clone is expressed as a ratio of normalized CXCR4 or pAKT, to normalized expression following infection with control shRNA-containing lentivirus. (**D**) Number of viable cells (Y-axis) in serum-free media 72 hours following lentiviral-mediated knock-down of *CXCR4*, and stimulation with either vehicle or CXCL12 (SDF1α, 1 μg/mL). \*, *p* \< 0.005; \*\*, *p* \< 0.0001. (**E**) Representative photomicrographs and (**F**) number of viable (Y-axis) D556-*WIP1* and D556-pcDNA cells in serum-free media 72 hours following stimulation with vehicle or CXCL12, and treatment with vehicle or 20 μM AMD3100. \*, *p* \< 0.0007. (**G**) Western blotting of whole cell lysates, as described in (**F**). Expression is quantified from near-infrared fluorescence, relative to expression in CXCL12-unstimulated, AMD3100-untreated D556-pcDNA cells, and normalized to β-actin. Scale bars, 400 μm. Error bars, standard deviation. Experiments were repeated at least three times.](nihms566394f7){#F7}

![*WIP1* promotes medulloblastoma growth by inhibiting Ser339 phosphorylation of CXCR4 through suppression of *GRK5*\
(**A**) Real-time, RT-PCR for *GRK5*, relative to *GAPDH*, in D556 stable clones. \*, *p* \< 0.0005. Error bars, standard error of the mean. (**B**) Western blotting of whole cell lysates for GRK5, Ser339-phosphorylated CXCR4, and β-actin. The GRK4-6 antibody is specific for GRK4, GRK5, and GRK6. (**C**) Representative photomicrographs and (**D**) number of viable cells (Y-axis) by trypan blue exclusion following transfection with empty vector (pcDNA3), wild-type, or kinase-dead *GRK5* (KD-*GRK5*, *GRK5* K215R). \*, *p* \< 0.0005; \*\*, *p* \< 0.02. Error bars, standard deviation (SD). (**E**) Western blotting of whole cell lysates following transfection, as in (**D**). Ser339-phosphorylated CXCR4 protein expression was quantified from near-infrared fluorescence and normalized to expression of β-actin. The relative amount of protein is expressed as a ratio of normalized Ser339-phosphorylated CXCR4, to normalized expression following transfection with an empty vector control (pcDNA3). (**F**) Number of viable cells (Y-axis), 48 hours following infection with negative control pLKO.1 or *GRK5* shRNA-containing lentivirus. \*, *p* \< 0.0003. Error bars, SD. (**G**) Western blotting of whole cell lysates, as in (**F**). GRK5 is the lower band (black arrow). Protein expression was normalized to expression of β-actin, and shown relative to expression following transduction with an empty vector-containing shRNA lentivirus (shNC). (**H**) Model: GRK5 promotes Ser339 phosphorylation and internalization of CXCR4. *WIP1* suppresses *GRK5* expression, which in turn permits membrane localization of CXCR4 and medulloblastoma growth and invasion in response to SDF1α stimulation.](nihms566394f8){#F8}

###### Patient characteristics

                          No. of patients   *WIP1* High   *WIP1* Low
  ----------------------- ----------------- ------------- ------------
  **Age (years)**                                         
   \<3                    3                 2             1
   3-18                   37                20            17
   \>18                   24                10            14
  **Gender**                                              
   Male                   39                17            22
   Female                 25                15            10
  **Chang stage**                                         
   M0                     45                18            28
   M1                     5                 2             3
   M2                     4                 4             0
   M3                     9                 8             1
   No information         1                 0             0
  **Molecular subtype**                                   
   *WNT*-activated        16                0             16
   *SHH*-activated        20                8             12
   Group 3                8                 7             1
   Group 4                20                19            1
  **17q status**                                          
   Copy number gain       29                26            3
  **Total**               64                              

*WIP1* high versus low expression is based on median *WIP1* expression. Age refers to age at diagnosis. Chang staging refers to published criteria for staging of medulloblastoma metastasis. Molecular subtyping was determined using unsupervised clustering approaches. Copy number status of 17q was determined using array-based comparative genomic hybridization. Abbreviations: *WNT*, wingless; SHH, sonic hedgehog; 17q, long arm of chromosome 17.

###### D556 Medulloblastoma Xenograft IHC for Phospho-AKT (Ser473)

  Xenografts           Phospho-AKT (Ser473)   Phospho-AKT (Ser473)   Distant Mets   Local Mets   Invasion
  -------------------- ---------------------- ---------------------- -------------- ------------ ----------
  D556-pcDNA (1B)      **Intensity**          **Extent**                                         
  \#1                  1+                     5-10%                  No             No           Yes
  \#2                  1+                     5-10%                  No             No           No
  \#3                  0                      0%                     No             No           No
  \#4                  0                      0%                     No             No           No
  D556-*WIP1* (2-1F)                                                                             
  \#1                  2-3+                   Diffuse                No             Yes          Yes
  \#2                  2-3+                   Diffuse                No             Yes          Yes
  \#3                  2-3+                   Diffuse                Yes            Yes          Yes
  \#4                  2+                     Diffuse                No             Yes          Yes
